Administration of synthetic or purified peptides directly into the brain ventricles is a method commonly used by neuroscientists for exploring physiological and behavioral functions of gene products. i.v. administration is controlled by the blood-brain barrier, which limits its effectiveness, and current approaches for acute or chronic intracerebroventricular delivery have significant technical drawbacks resulting from both the chemical properties of the delivered substance and the experimental procedures. Here we describe a genetic approach for the delivery of secreted peptides or proteins into the cerebrospinal fluid (CSF). Using a choroid plexus-specific promoter, we established a lentiviral-based system, which offers inducible and reversible delivery of a gene product into the CSF. The functionality of this system was demonstrated by using the overexpression of the two established neuropeptides, corticotropin-releasing factor and gonadotropin-releasing hormone, modulating anxiety-like behavior and estrus cycle, respectively. We show that this choroid plexusspecific lentiviral-based system is a reliable, effective, and adaptable research tool for intracerebroventricular delivery.
Administration of synthetic or purified peptides directly into the brain ventricles is a method commonly used by neuroscientists for exploring physiological and behavioral functions of gene products. i.v. administration is controlled by the blood-brain barrier, which limits its effectiveness, and current approaches for acute or chronic intracerebroventricular delivery have significant technical drawbacks resulting from both the chemical properties of the delivered substance and the experimental procedures. Here we describe a genetic approach for the delivery of secreted peptides or proteins into the cerebrospinal fluid (CSF). Using a choroid plexus-specific promoter, we established a lentiviral-based system, which offers inducible and reversible delivery of a gene product into the CSF. The functionality of this system was demonstrated by using the overexpression of the two established neuropeptides, corticotropin-releasing factor and gonadotropin-releasing hormone, modulating anxiety-like behavior and estrus cycle, respectively. We show that this choroid plexusspecific lentiviral-based system is a reliable, effective, and adaptable research tool for intracerebroventricular delivery.
blood-brain barrier | choroid plexus | Lentiviruses | secreted peptides | cerebrospinal fluid P harmacological administration of synthetic peptides or secreted recombinant proteins into the brain ventricles is a common method used by neuroscientists for exploring physiological and behavioral functions of novel or known gene products. Cerebroventricular, rather than systemic administration of these proteins is required to bypass the blood-brain barrier (BBB), and allow the nonselective transport of peptides or proteins from the periphery into the central nervous system (CNS) (1) (2) (3) .
Current solutions for delivery of peptides or secreted proteins to the CNS, for short-term acute administration, include a stereotaxic injection into the ventricular space, known as intracerebroventricular (ICV) administration, or for chronic delivery, an ICV microinjection pump. These methods rely heavily on the solubility and half-life of the injected substance; require chemical or in vitro synthesis of the administered ligand, and may require different purification procedures. The ICV administration is difficult to use in studies requiring repeated or prolonged administration of the ligand, because the microinjection pump procedure depends on the ligand stability and capacity of the reservoir; and complex surgical procedures are required for installation and manipulation of the pump. Furthermore, the current procedures require extensive handling of the experimental animals, which may create behavioral or physiological disturbances.
The choroid plexus plays a critical role in the barrier mechanism regulating the exchange of molecules between the brain's internal milieu, and the periphery (4) (5) (6) . This blood-cerebrospinal fluid (CSF) barrier is composed of epithelial cells with apical tightjunctions that restrict intercellular passage of molecules from fenestrated blood vessels (1, (4) (5) (6) . The CSF circulatory system's function is to provide micronutrients, neurotrophins, hormones, neuropeptides, and growth factors extensively to neuronal networks (4) (5) (6) . Therefore, neuromodulators directed to CSF can modify and adapt a variety of behavioral, neuroendocrine, and immunologic processes (7) .
In the current study, we established a choroid plexus-specific and lentiviral-based genetic system, which offers inducible and reversible delivery of peptides or proteins into the CSF, and shows significant advantages over the current available methodologies. We demonstrate the functionality of this unique system, using two wellestablished neuropeptide systems, as a powerful tool for addressing research questions involving acute or chronic effects of gene products within the CNS.
Results
Design and Construction of Choroid Plexus-Specific Lentiviral Constructs for Inducible Overexpression. Our aim was to generate a genetic system for inducible delivery of peptides or secreted proteins into the CSF. To do so we genetically targeted the choroid plexus tissue by using a combination of lentiviral delivery, to ensure stability of the inserted gene, and the bacterial Tet-On transcriptional regulation system (8, 9) to achieve inducibility and reversibility of the expression of the delivered gene.
The system is composed of two complimentary lentiviral vectors. The "Effector" construct consists of a choroid plexus-specific promoter that drives the expression of reverse tetracycline trans activator (rtTA) protein and the reporter green fluorescent protein (GFP) (Fig. 1A Upper) . The "Target" construct includes the tetracycline-responsive element (TRE) DNA sequence, upstream to the nucleotide coding sequence of the requested gene of interest, followed by the reporter red fluorescent protein (RFP) (Fig. 1A Lower) . Transcription initiation of the gene of interest and the RFP is mediated only in the presence of the inducer, doxycycline (Dox) (Fig. 1A) .
A mixture of the two lentiviruses is injected ICV and the delivered genes are incorporated into the DNA of the choroid plexus cells. Initiation of transcription, limited to the choroid plexus cells by the choroid plexus-specific promoter, is induced by administrating Dox-containing drinking water, and results in secretion of the final processed gene product into the CSF (Fig.  1B) . Dox is the inducer of choice for our purposes as it has been demonstrated to cross the BBB (10).
Choroid Plexus Specificity and in Vivo Validation of Constructed Lentiviruses. To ensure that transgene expression is limited to cells of the choroid plexus, we isolated ≈2.5 kb of the 5′-flanking region of the corticotropin releasing factor receptor type 2 beta (CRFR2β) gene, which was demonstrated (11, 12) to be expressed in the brain specifically by the choroid plexus cells, and used it to drive the transcription of the rtTA within the choroid plexus cells (Fig. 2A) . The CRFR2 gene has three functional splice variants in humans (α, β, and γ) and two in rodents (α and β) that are produced by the use of alternate 5′ exons (12, 13) . The CRFR2α is the CRFR2 splice variant expressed by neurons in the rodent's brain, whereas CRFR2β mRNA is widely expressed in peripheral tissues, with highest levels in the skeletal muscle, heart, and skin and in the brain only by the choroid plexus cells (11, 12) .
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To further confirm the specificity of central CRFR2β expression to the choroid plexus, total RNA was extracted from mouse choroid plexus and hypothalamic tissues and was reverse-transcribed to generate cDNA pools. The cDNA products were used as templates for semiquantitative RT-PCR analysis, using specific primers for mouse CRFR2β (Fig. 2B) . The RT-PCR data demonstrate expression of CRFR2β that is abundant and restricted to the choroid plexus tissue (Fig. 2B ). To further demonstrate the mRNA distribution of mouse CRFR2β in the choroid plexus cells, we used specific in situ probe and a positive hybridization signal for mouse CRFR2β was found only in the choroid plexus (Fig. 2C) .
Intracerebroventricular injection of the choroid plexus-specific lentiviruses shows GFP expression specifically by the choroid plexus cells (Fig. 2D and Fig. S1 ). Costaining with the nuclear marker DAPI clearly demonstrates that only the choroid plexuscells and not the ependymal cell (cells which line the brain ventricles) or other surrounding regions of the brain are expressing GFP ( Fig. 2D Upper and Fig. S1 ). Higher magnification images demonstrate the ability of these lentiviruses to infect the choroid plexus cells with high efficiency (Fig. 2D Lower) . Strong and extensive GFP expression in infected choroid plexus was revealed even 4 months after lentiviruses administration, suggesting a stable and constant expression of the transgene.
Precursor Processing and Posttranscriptional Modifications by the
Choroid Plexus Tissue. Most neuropeptides are derived from larger biologically inactive polypeptide precursors and require posttranslational processing to become biologically active. Specific proteases/endopeptidases are thought to process precursors during transit through the ER/golgi secretory pathway (14) . After cleavage, the residual basic amino acids are removed by an exopeptidase (carboxypeptidase B/H/E), which is often followed by other posttranslational modifications such as glycosylation, sulphation, and amidation to obtain full bioactivity (14) .
To ensure that the target proteins are processed correctly by the choroid plexus cells, we screened total RNA isolated from the mouse choroid plexus for a set of key processing enzymes known to be necessary for processing of most neuropeptides, and expressed by neuroendocrine neurons. Semiquantitative RT-PCR analysis of the cleaving enzyme Furin, a paired basic amino acid cleaving enzyme (Fig. 3A) , and the exopeptidase E (CPE), which is responsible for the removal of an amino acid from the end of a polypeptide chain (Fig. 3D) , showed similar expression levels in the choroid plexus cells, compared with the positive control tissue obtained from the mouse hypothalamus. The mRNA levels of the prohormone convertase 2 (PC2) (Fig. 3C ) and the peptidylglycine alpha-amidating monooxygenase 1 (PAM1), which catalyze peptides to active alpha-amidated products (Fig. 3E ), were only slightly reduced compared with the levels in the hypothalamic tissue. The PC1 expression levels, although detected, were significantly lower in the choroid plexus tissue than in hypothalamic tissue (Fig. 3B ). Because both PC1 and PC2 cleave paired basic amino acids, the high levels of PC2 are likely to be sufficient for proper processing.
To make the experimental system applicable for peptides that require processing enzymes and cofactors not expressed by the choroid plexus tissue, we designed and constructed a third lentiviral DNA construct that will express, if needed, the necessary protein followed by a blue fluorescent protein (BFP) in an inducible manner (Fig. 3G) . Infection of HEK-293T cells with the three reporter viruses showed the feasibility of a tripleinfection, as seen in the fluorescent visualization (Fig. 3H ). Cells infected with the individual viruses demonstrated the distinct visualization of their reporter proteins only in the appropriate color channel (Fig. S2) . onstrate the functionality of the established system we studied the overexpression of the two established neuropeptides, corticotropinreleasing factor (CRF) and gonadotropin-releasing hormone (GnRH), known to modulate anxiety-like behavior and estrus cycle, respectively.
A Target lentiviral vector expressing the mouse CRF under the transcriptional control of TRE was constructed (Fig. 4A ) and lentiviruses were generated. A mixture of the Effector and "CRFTarget" lentiviruses were injected ICV to C57BL/6 mice. Semiquantitative RT-PCR, as well as real-time PCR revealed a robust increase in CRF mRNA levels in choroid plexus tissue, as early as 2 hours after Dox administration (Fig. S3 ). Brains were collected under induced (+Dox) or noninduced (-Dox) conditions and processed for immunohistochemistry. Immunohistochemical analysis of brain slices showed a choroid plexus-specific staining for GFP under both induced and noninduced conditions (Fig. 4B ) and a specific Dox-dependent staining for mouse CRF (red fluorescence, Fig. 4B ). Fig. S4 further demonstrates that the red fluorescence represent the CRF immunoreactivity and not the visualization of the expressed RFP.
To demonstrate the capability of the CRF produced by the choroid plexus cells to reach and activate its cognate receptors in the brain, we evaluated the central activation of c-Fos after Dox administration. Mice ICV-injected with a mixture of the Effector and the CRF-Target viruses were treated with or without Dox in their drinking water and c-Fos immunoreactivity was used to evaluate neuronal activation. The data summarized in Fig. S5 clearly demonstrate specific c-Fos immunoreactivity in CRFR1 expressing brain nuclei after Dox administration, including the piriform cortex, paraventricular nucleus of the thalamus, dentate gyrus, lateral septum, and dorsal hypothalamus, as demonstrated by Bittencourt and Sawchenko (15) .
To evaluate the anxiety-like behavior of mice conditionally overexpressing CRF at the choroid plexus, we performed a set of related behavioral tests, with or without the presence of the inducer Dox. Three days after Dox induction, mice showed an increase in anxiety-like behavior measured by the light/dark transfer test, with significantly less time spent in the light compartment, reduced exploration of light area, fewer transitions to the light compartment and an increase in the latency to first enter the light compartment (Fig. 4C) .
Results from the open field test were consistent with the results obtained from the light/dark transfer test. Mice overexpressing CRF showed a reduced number of entries to the center, a greater latency entering the center, a decrease in rearing events, and lower exploratory behavior as measured by the shorter distance traveled during the test (Fig. 4D ). In accordance with the open field and dark/light transfer tests, the results from the elevated plus maze test show significant differences between the control and the induced group of mice. CRF overexpressing mice show a decrease in the percent of time spent in the open arm and the percent of entries into open arms (Fig. 4E) . No significant differences were found between the experimental groups in their home cage locomotor activity (Fig. 4F) , suggesting that the observed phenotype is not a consequence of locomotion deficit but rather a genuine change in the mice anxiety-like behavior. These results clearly demonstrate that mice overexpressing CRF after being treated with Dox, display increased levels of anxiety-like behavior as expected for central overexpression of CRF.
Proof of Principle Experiment 2: Overexpression of Gonadotropin-
Releasing Hormone and Estrus Cycle Modulation. Intact estrus cycle is maintained via pulsatile release of hypothalamic GnRH, which is essential for proper functioning of the pituitary-gonadal axis. A constant delivery of high concentration of GnRH will lead to gonadal hypoactivity and cessation or abnormalities of the estrous cycle (16) . A lentiviral Target vector expressing the mouse GnRH under the transcriptional control of TRE was constructed (Fig. 5A ) and lentiviruses were generated. A mixture of the Effector and "GnRH-Target" lentiviruses were injected ICV to ICR female mice. Brains were collected under induced (+Dox) or noninduced (-Dox) conditions and processed for immunohistochemistry. Immunohistochemical analysis of brain slices showed a choroid plexus-specific staining for GFP under both induced and noninduced conditions (Fig. 5B) and a specific Dox-dependent staining for mouse GnRH (red fluorescence, Fig. 5B ). Fig. S6 further demonstrates that the red fluorescence represent the GnRH immunoreactivity and not the visualization of the expressed RFP. It is important to note that the GnRHspecific antibody used in this study recognizes the mature processed form of GnRH only (17) , which further supports a proper precursors processing by the choroid plexus cells. To determine the estrus cycle length of ICR female mice conditionally overexpressing GnRH at the choroid plexus, we performed vaginal smears prior, during and after removal of Dox administration. Estrous cycle determination showed that although most of the injected animals showed a normal 4-day estrous cycle under noninduced conditions (Fig. 5C ), Dox administration significantly disrupted the cycle. Interestingly, after removal of Dox from drinking water, most of the mice re-established an intact 4-day cycle (Fig. 5C ). Fig. 5D shows the estrous cycle of a representative female mouse throughout the experiment.
Discussion
The ICV route of administration is used frequently to assess central effects of neuropeptides and secreted proteins. Currently available methods for the delivery of peptides or pharmacological agents into the CSF present researchers with limitations, concerning both the natural properties of the delivered substance (solubility, stability, synthesis, purifications, etc) and the experimental needs (prolonged and/or repeated administration, inducible delivery, minimal handling of the experimental animals, etc).
In the current study, we demonstrate a genetic approach for ICV delivery. Using the endogenous properties of the choroid plexus tissue to generate and secrete CSF, we constructed an inducible lentiviral-based system, which was specifically designed to be active and overexpress the gene-of-interest product only at the choroid plexus cells. The modular design of the Target construct enables simple modification of the system to suit the Values are expressed as mean ± SEM. **, P < 0.005; *, P < 0.05. n = 10-12 male C57BL/6 mice were used in each of the behavioral tests. researcher's experimental needs. This flexible system can easily be adapted for various methods such as chronic exposure, inducible expression, and minimal handling of animals, as well as alleviating the need for complex synthesis and purification protocols and the use of expensive micropumps. The molecules secreted by the choroid plexus gain proximal and distal access to the brain parenchyma via volume transmission, convective distribution, and receptor-mediated retrograde transport to neurons via nerve endings located near the ependyma or the pia-astroglial membrane (4, 5) . The use of regulatory DNA sequences of genes specifically expressed (in the brain) by the choroid plexus cells provides the ability to genetically control the choroid plexus and not neuronal or glial cells transcription. In the current study, we used the 5′-flanking region of the CRFR2β gene, which was demonstrated to be highly and specifically expressed by the choroid plexus cells (11, 12) . However, the use of different choroid plexus-specific transcripts, such as the transthyretin (18), GPR125 (19) , or ones revealed from BBB-specific transcriptome or proteomic screens (20) (21) (22) , may provide an alternative for controlling the levels of the expressed transgene.
Replication-defective lentiviral vector particles, used in this study, are capable of infecting a wide variety of dividing and nondividing cells, and with stable integration into the host genome, resulting in long-term expression of the transgene (23) (24) (25) . The choroid plexus epithelial cells are derived from the ependymal lining of the ventricles and earlier studies that evaluated the proliferative activity of the forebrain ependyma and choroid plexus epithelium (using [ 3 H]-thymidine) in young adult rats, demonstrated the persistence of low level of proliferation, with a turnover time of >130 days (26) . Coupling the lentiviruses features, with the tight and reversible control of expression offered by the Tet-On system (8, 9) , provides a powerful genetic tool for the generation of site-specific and inducible expression of the inserted transgene. The ability to control expression of the transgene via the drinking water (or alternatively, via food) alleviates the need for frequent handling of experimental animals, allowing for a more neutral experimental environment and reducing artifacts and "noise" in the experimental setup.
Research focused on the delivery of therapeutics across the BBB conducted over the last several years demonstrated the potential use of specific endogenous transporters localized within the brain capillary endothelium (2, 3) . Several endogenous polypeptides such as insulin, insulin-like growth factors, leptin, and transferrin, undergo receptor-mediated transport (RMT) across the BBB. Peptidomimetic monoclonal antibodies can also cross the BBB via RMT by using the endogenous transporters and may carry pharmaceutical molecules such as recombinant proteins, antibodies, RNA interference drugs, or nonviral gene medicines (2, 3, 27) . A reported adaptation of this method using lentiviruses can be used for chronic administration (28) .
Most biologically active peptides are derived from large inactive polypeptide precursors, which require selective proteolysis (14, 29, 30) . Therefore, the choroid plexus cells must express the appropriate processing enzymes. Comparing the expression profile of the main processing enzymes between the mouse choroid plexus tissue and the mouse hypothalamus, which served as positive control, we demonstrated the presence of mRNA for all tested enzymes. The presence of mRNA and protein for Furin, CPE, and PAM1 in the rat choroid plexus cells were demonstrated (31) (32) (33) (34) . The above expression profile, together with our functional neuroanatomical data (c-Fos activation) and the behavioral and physiological changes, strongly support the capacity of the choroid plexus cells to produce biologically active peptides. In addition, it is also important to note that the choroid plexus cells are known to endogenously express several secreted neuropeptides and proteins such as the insulin-like growth factor II (35) , and secretogranin I and II (31). The described system offers the option of using additional induced lentiviral constructs that can express other exogenous enzymes or cofactors, in addition to the reporter BFP, when needed in the experimental design.
To demonstrate the functionality of the generated system we used two well-studied neuropeptides with an established central effect as a proof-of-principle. Target lentiviruses containing the mouse CRF or GnRH cDNA sequences were generated and injected together with the Effector rtTA virus. The results of the immunohistochemical analysis of these animals clearly demonstrate a Dox-dependent induction of CRF or GnRH expression specifically in the choroid plexus cells. Further behavioral and physiological characterization of these mice demonstrated the biological activity of the delivered gene.
CRF administration via the ICV route is able to access CRF receptor-expressing cells as clearly demonstrated by Fos induction (15) . CRF plays an important and well-established role in the regulation of the HPA axis under basal and stress conditions (36, 37) . In addition to its hypophysiotropic action, CRF is proposed to integrate the autonomic, metabolic, and behavioral responses to stressors (38) (39) (40) . CRF and its receptors are implicated in the control of arousal, anxiety, cognitive functions, and appetite (41) (42) (43) (44) (45) . Chronic hyperactivation of the CRF system has been linked to stress-related emotional disorders such as anxiety, anorexia nervosa, and depression as well as learning and memory deficits (41) (42) (43) (44) (45) . Central administration of CRF (46) was demonstrated to increase anxiogenic-like behavior, through an adrenal nondependent mechanism, whereas the use of CRF receptor antagonists reduced anxiogeniclike behavior (47) . In accordance with the published literature, mice treated with Dox, inducing overexpression of CRF at the choroid plexus cells, showed a clear increase in anxiety-like behavior in three different behavioral paradigms.
GnRH, also known as luteinizing hormone-releasing hormone (LHRH), is a decapeptide that plays a pivotal role as the physiologic regulator of reproduction (48, 49) . This neuropeptide is synthesized by hypothalamic neurosecretory cells and is released in a pulsatile manner. It is then carried via a specialized portal blood system to the anterior pituitary gland and stimulates the secretion of the gonadotropic hormones, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) (48) (49) (50) . GnRH interacts with high-affinity receptors on the gonadotropes in the anterior pituitary. The pulse-timing and concentration levels of GnRH control the production of FSH (low frequency) and LH (high frequency) and are critical for the maintenance of gonadal steroidogenesis, normal reproductive function, and estrous cycle. Chronic, high concentrations of GnRH induce regulatory changes that lead to gonadal hypoactivity and cessation or abnormalities of the estrous cycle (16) . As expected, using our system for inducible overexpression of GnRH by the choroid plexus cells significantly disrupted the estrus cycle integrity.
The choroid plexus expresses, in addition to secretory biologically active compounds, a large number of receptors and transport systems, providing it with the ability to monitor the brain extracellular milieu (5, 7) via currently unknown mechanisms. In addition, changes in the anatomy and physiology of the choroid plexus have been linked to aging and neurodegenerative diseases, such as Alzheimer's, motor neuron disease, and multiple sclerosis (1, 5) . However, it is not clear whether these changes are causal contributors to the disease or a consequence, which strengthen the initial pathological process. The genetic, choroid plexus-specific system, presented in the current study, can also serve as a useful experimental tool for studying the biology of the choroid plexus tissue.
Methods
Design and Construction of Choroid Plexus-Specific and Inducible Lentiviral Vectors. All constructs were assembled by using standard cloning methods and confirmed by DNA sequencing. For detailed description of the cloning process, see SI Methods.
Production of Lentiviral Vectors and ICV Injections. Recombinant lentiviruses were produced by transient transfection in HEK293T cells, as described (51) . See SI Methods for the ICV injection details.
RNA Preparation and Semiquantitative and Real-Time PCR Analysis. The presence of the relevant enzymes in the choroid plexus that are required for posttranslational processing of protein precursors and a quantitative analysis of CRF mRNA by the choroide plexus cells were performed by using semiquantitative and real-time PCR analysis, as detailed in the SI Methods.
Animals and Experimental Groups. Detailed description of the animals and experimental groups used in this study can be found in SI Methods.
Behavioral Studies. Behavioral studies were performed as described (52, 53)· For detailed description of the behavioral tests see SI Methods.
Immunohistochemistry and in Situ Hybridization. Specific in situ hybridization and immunohistochemistry were performed as described (12, 52) . For detailed description of the protocols, see SI Methods.
